ABSTRACT
INTRODUCTION
Johne's disease is a fatal disease of domestic and wild ruminants. Mycobacterium avium subspecies (subsp.) paratuberculosis (MAP) is the causative agent of this disease. Although the pathogenesis of MAP is poorly understood, it is believed that the organism infects the terminal ileum of most ruminants resulting in chronic inflammation, which leads to malabsorption of nutrients. As a result, animals lose weight and eventually die or must be destroyed. [1] [2] [3] [4] [5] Transmission of this pathogen between animals is through the fecal-oral route, since the organism is excreted during later stages of the disease in high concentrations in the feces. Genetically, MAP is closely related to M. avium subsp. avium, sharing >99% genomic DNA homology and 100% identity with the M. avium subsp. avium 16S rRNA nucleotide sequence. [6] [7] [8] Although recent work has demonstrated the presence of 21 unique genes in MAP, the IS900 insertion sequence and the hspX sequence, have been used most frequently to separate these two mycobacterial species. These sequences are unique to MAP. [9] [10] [11] The prevalence of MAP has reached a staggering 34% in some cattle herds within the United States. 12 This equates to annual economic losses of 1.5 billion dollars. 13 The involvement of MAP in human disease has been controversial. M. avium subsp. paratuberculosis has been recovered from intestinal tissue of Crohn's disease patients. 14 These findings have led to speculation regarding the role of this organism in human disease. 14 The majority of evidence is based on detection of the organism in Crohn's disease patients by immunologic and molecular methods. [15] [16] [17] [18] For example, the IS900 insertion sequence has been detected by polymerase chain reaction (PCR) in intestinal biopsy specimens of Crohn's disease patients. 14, 16 However, many of these studies are conflicting and utilize a variety of laboratory techniques without culture confirmation. [19] [20] [21] Similarly, empiric clinical trials with antimycobacterial therapy have not conclusively demonstrated evidence for MAP as a causal agent in this disease. 16, 22 However, the first culture-confirmed case of disseminated MAP infection in a patient with human immunodeficiency virus (HIV) has recently been reported. 23 Currently there are no antibiotics approved for the treatment of Johne's disease. In instances where antibiotics have been used to prolong the life of a valuable animal, the disease remains nearly always fatal. 24, 25 The use of chemotherapy is further confounded by the lack of a standardized susceptibility method and the empiric use of antituberculous agents without in vitro susceptibility testing, which is hampered by the slow growth of the organism and its fastidious nutritional requirements. 25, 26 Two colonial morphotypes of MAP have been observed 27 and have been reported to correlate with drug resistance. Rough variants were generally more drug resistant than smooth variants. 27 This morphological difference has also been observed in M. avium subsp. avium, which are also referred to as transparent or opaque. Transparent variants of M. avium subsp. avium predominate in clinical samples, 28 whereas opaque variants in general have been shown to be better adapted for growth in the laboratory and tend to predominate after multiple passages. [29] [30] [31] [32] [33] In addition, M. avium subsp. avium has been shown to undergo red-white morphotypic switching when grown on agar media containing Congo Red. 28, 34 White opaque variants were found to be more resistant to multiple antibiotics than red opaque variants.
While attempting to evaluate the in vitro activity of an investigational antimycobacterial compound, we observed significant variation in growth characteristics between strains of MAP. In the following study, we examined strain variation in MAP relating to growth in broth and agar, colony morphology, and Congo Red staining characteristics. Additionally, the relationship between growth characteristics and in vitro susceptibility testing was examined using two susceptibility methods, the agar proportionality assay and the radiometric macrobroth dilution method.
MATERIALS AND METHODS
Mycobacterial strains and maintenance conditions M. avium subsp. paratuberculosis strains ATCC 43544 (Ben-A) 1 and M. avium subsp. avium ATCC 25291 were recently purchased prior to this study from the American Type Culture Collection (Rockville, Maryland). MAP ATCC 43015 (Linda), MAP (Kay), MAP (#47 ileum), MAP (#44 fecal), MAP ATCC 19698 (type strain) and MAP ATCC 43544 (Ben-B) were obtained from Jay Ellingson while residing in Ames, Iowa. MAP ATCC 43544 (Ben-A and Ben-B) and MAP ATCC 43015 (Linda) were of human origin. M. avium subsp. avium ATCC 25291 was of chicken origin, while the remaining strains included in the study were of bovine origin. The identity of all MAP strains was confirmed by 16S rRNA gene sequencing and the presence of IS900 and hspX by PCR. 35 Similarly, the M. avium subsp. avium ATCC 25291 was identified on the basis of 16S rRNA gene sequencing and the presence of IS901 and IS1245 by PCR. Strains were maintained on Lowenstein-Jensen agar slants or Middlebrook 7H10 agar plates (Difco, Detroit, Michigan) supplemented with 1 µg/ml mycobactin J (Allied Monitor, Fayette, Missouri). MAP (#47 ileum), and MAP (#44 fecal) were primary isolates originating from ileum and fecal samples, respectively, of two infected animals. Passage history of the mycobacteria is unknown with the exception of MAP ATCC 43544 (Ben-A and Ben-B). Ben-A had a passage history of less than five subcultures following reconstitution from the lyophilized state, while Ben-B was maintained in culture for greater than 7 years and a minimum of 30 subcultures.
Characterization of growth in broth culture and mycobactin J dependence
Broth culture studies were performed in triplicate using commercially prepared BACTEC #12B media (12B) and the BACTEC radiometric growth system (Becton Dickinson, Sparks, Maryland). For mycobactin J studies, mycobactin J stock solutions (2 mg/ml) were brought up in 95% ethanol and diluted in sterile distilled water to a concentration of 40 µg/ml. Mycobactin J (0.1 ml) was then added to each BACTEC culture vial resulting in a final concentration of mycobactin J and ethanol of 1 µg/ml and 0.05%, respectively. Inocula for MAP strains were prepared from 10-20 day old cultures grown at 37˚C in 10% CO 2 on Middlebrook 7H10 agar supplemented with 1 µg/ml mycobactin J. Organisms were suspended in commercially prepared diluting fluid (Becton Dickinson), vortexed slightly with glass beads, and allowed to settle for 30 minutes. The supernatant was adjusted to a 1.0 McFarland standard (A 600 =1.0) and inoculated (0.1 ml) into each BACTEC vial, unsupplemented and supplemented with mycobactin J. Inoculated vials were read on the BACTEC 460 instrument daily at 24-hour intervals for up to 1 week or until the growth index (GI) readings reached 999 and growth curves were plotted. For quantitative comparison, growth rates were estimated by calculation of the mean change in growth index (∆GI) over a 24-hour period for each of the test strains prior to the GI reaching its maximum reading, 999. The resulting ∆GI/day provided a quantitative comparison of growth between strains permitting evaluation of the effect of mycobactin J on growth.
An alternative method for standardizing inocula to examine differences in growth rates was also used. A separate set of 12B vials were inoculated with each strain as above and allowed to incubate until a GI of 999 was reached. At that time, 0.1 ml from these "seed vials" was used to inoculate a new 12B bottle and to make three 10-fold dilutions which were also added to individual 12B vials with and without mycobactin J. All vials were subsequently incubated at 37˚C and the GI readings monitored daily at 24-hour intervals for several days.
Characterization of colony morphology and Congo Red staining on solid media
All isolates were prepared as described above for agar proportionality assays and plated in triplicate onto M7H10 agar containing 100 µg/ml Congo Red (Sigma, St. Louis, Missouri). Plates were subsequently incubated an average of 15 to 24 days and observed for colony morphology. Morphology was defined according to the following characteristics: rough or smooth, opaque or transparent, red or white.
Radiometric macrobroth susceptibility testing
Susceptibility testing and minimal inhibitory concentration (MIC) determination for each compound against M. avium subsp. avium and MAP strains were done taking into consideration differences in inherent growth rates between strains. Susceptibility testing of the M. avium subsp. avium type strain (25291) and MAP strains Ben-B and Kay was done in triplicate using a modification of the standard BACTEC radiometric protocol (Becton Dickinson) adopted by The National Jewish Center for Immunology and Respiratory Medicine (Denver, Colorado) for MIC determinations of the M. avium complex. 36 Inocula for MAP strains ATCC 43544 (Ben-A), #47 ileum, and strain Linda were prepared using the BACTEC standard radiometric protocol. Briefly, suspensions were made from 2-week old cultures, vortexed slightly with glass beads, and allowed to settle for 30 minutes. The supernatant was adjusted to a 1.0 McFarland standard and inoculated (0.1 ml) into each BACTEC vial (a 0.5 McFarland standard was used for strain Linda). A 1:100 dilution was done as a GI control. To minimize exogenous carbon or other potential growth substrates in the media, carbon-free, commercially prepared diluting fluid (Becton Dickinson) was used.
For all MAP strains commercially prepared 12B media was supplemented with 1.0 µg/ml mycobactin J. Initial mycobactin J stock solutions (2 mg/ml) were brought up in 95% ethanol and diluted in sterile distilled water to a concentration of 40 µg/ml. Mycobactin J (0.1 ml) was then added to each BACTEC vial (final ethanol concentration per vial = 0.05%). Antibiotics and final concentrations tested included amikacin (Sigma), 8 µg/ml, 4 µg/ml, 2 µg/ml; ciprofloxacin (Bayer Corporation, Pittsburgh, Pennsylvania), 4 µg/ml, 2 µg/ml, and 1 µg/ml; gatifloxacin (Bristol Meyers Squibb, New York, New York), 4 µg/ml, 2 µg/ml, and 1 µg/ml; rifampin (Aventis Pharmaceuticals, Bridgewater, New Jersey), 8 µg/ml, 2 µg/ml, and 0.5 µg/ml; streptomycin (Sigma); and n-decanesulfonylacetamide (DSA) (Craig Townsend, Johns Hopkins University, Baltimore, Maryland), 25 µg/ml, 12.5 µg/ml, and 6.25 µg/ml. Antibiotic/inhibitor concentrations were validated using the known MICs of M. tuberculosis strain H37Rv (ATCC 27294) and M. avium subsp. avium type strain 25291 (ATCC) as positive controls.
Radiometric MICs were defined as the lowest concentration of drug required to inhibit >99% of the bacterial population for both the modified and standard BACTEC protocols. Interpretation of MICs in terms of the susceptible, moderately susceptible, and resistant categories were based on criteria established at the National Jewish Center for Immunology and Respiratory Medicine. 36 Agar proportionality assays In addition to the radiometric broth dilution method, isolates of MAP and the control M. avium subsp. avium (ATCC 25291) strain were evaluated in triplicate by the agar proportion method for susceptibility testing of slowly growing mycobacteria. 29, 37, 38 Inocula were prepared using a culture suspension in M7H9 broth, which was vortexed with glass beads and allowed to settle for 30 minutes. The supernatant was adjusted to a 1.0 McFarland standard (A600=1.0) and a 10-fold dilution series made in additional media. Subsequently, 0.1 ml of each appropriate dilution (usually 10 -2 and 10 -4 ) was plated onto M7H10 agar and M7H10 agar containing the antibiotics and concentrations described above. Additionally, MICs for isoniazid (0.4 µg/ml) (Sigma) and ethambutol (8 µg/ml) (Sigma) were determined by the agar proportionality method for all isolates. Plates were permitted to dry following inoculation, placed in individual CO2-permeable polyethylene bags, and incubated at 37˚C in 10% CO2. All inocula were subcultured to trypticase soy agar plates with 5% sheep blood and M7H10 agar plates to check for purity. Once the control plate containing no antibiotic demonstrated 50 to 150 colonies, the number of colonies observed at each drug concentration was expressed as a percentage of the number of colonies on the control plate. Resistance was defined as >1% growth of the strain on antibiotic containing media compared to the control plate.
RESULTS

Growth characteristics
In this study, initial attempts to use the BACTEC radiometric growth system for susceptibility testing of MAP revealed inherent differences in growth rates between strains in vitro. Thus, in order to adjust inoculum sizes to reflect these differences, growth curves plotted over the course of several days were done in the presence and absence of 1.0 µg/ml mycobactin J. Figure 1 (A and B) shows the growth rates of five of the MAP strains used in this study. Growth curves were plotted over the course of a 6-day period using a modification of the standard BACTEC method. This method employed the use of seed vials (GI=999) to standardize inoculum size into new 12B bottles. As shown in figure 1 , MAP strains Ben-B and Kay exhibited the fastest growth rates (>792 ∆GI/day and 483 ∆GI/day, respectively) in the BACTEC system using this protocol as compared with the ATCC strain 43544 (Ben-A), which demonstrated an intermediate growth rate of 206 ∆GI/day. Although these two isolates, Ben-A and Ben-B, represent the same strain differing only in number of subcultures, they differed significantly in their growth rate. These data suggest the occurrence of laboratory growth adaptation of MAP with continued subculture. Strain Linda and #47 ileum demonstrated the slowest growth (111 ∆GI/day and 103 ∆GI/day, respectively). The growth rates of all strains were reduced in the absence of mycobactin J (figure 1B), although there was variance in the degree of mycobactin J dependence between strains. Quantitatively, MAP strains Ben-B, Kay and Ben-A continued to exhibit the highest growth rates (>775 ∆GI/day, 393 ∆GI/day, and 141 ∆GI/day, respectively). The remaining strains, Linda (29 ∆GI/day) and #47 ileum (21 ∆GI/day), showed a marked reduction in growth rate in the absence of mycobactin J. The average change in growth rate between the presence and absence of mycobactin J in terms of ∆GI/day for strains Ben-B, Kay, ATCC 43544 (Ben-A), Linda, and #47 ileum were +17.5 ∆GI/day, +90.5 ∆GI/day, +65 ∆GI/day, +82.4 ∆GI/day, and +81.6 ∆GI/day, respectively. Strain differences in growth rate and mycobactin J dependence were less apparent on solid media (data not shown). Table 1 shows the predominant colony morphology (percent) observed for each strain and the Congo Red staining characteristic. The majority of MAP strains tested, with the exception of MAP Kay and MAP Linda strains, exhibited the rough colonial morphology. This morphology appeared white in the Congo Red assay. Other strains exhibited a smooth, opaque morphology. In some instances, such as the ATCC strain of M. avium subsp. avium (25291), the Congo Red phenotype was 100% red, whereas MAP strain #47 ileum had an evenly distributed mix of rough, transparent and smooth, opaque colonies. As with growth rate, MAP strain Ben-B demonstrated divergence from MAP strain Ben-A in colony morphology and Congo Red staining, reflecting potential laboratory in vitro adaptation. All smooth opaque morphologies observed were red in color by Congo Red staining. No white, smooth, or opaque colonies were observed.
Colonial morphology and Congo Red staining characteristics
In vitro susceptibility testing
As shown in table 2, the correlation between the agar proportionality and broth BACTEC susceptibility methods was fairly consistent and in most cases fell within a 1-to 2-fold dilution for all drugs/compounds tested in this study. Exceptions included the MICs for amikacin and DSA in M. avium strain 25291 in agar and broth (8.0 µg/ml and 2.0 µg/ml, and 6.25 µg/ml and 25.0 µg/ml, respectively) and streptomycin in strain Ben (<2.0 µg/ml and 8.0 µg/ml in agar and broth, respectively). MAP (ATCC 43544) Ben-A and the laboratory adapted Ben-B were significantly divergent (MIC >4 fold difference) by the broth method for amikacin and streptomycin. All isolates used in this study were resistant to isoniazid (MIC >0.4 µg/ml) and ethambutol (MIC >8 µg/ml) (data not shown). Two strains, #47 ileum and #44 fecal, could not be evaluated in the BACTEC system due to poor or erratic growth, irrespective of inoculum size or mycobactin J concentration, which prevented an accurate assessment of actual MICs to the various drugs/inhibitors tested in this study.
An attempt was made to rank order the resistance of each isolate in comparison with growth rate and predominant colony morphology characteristics (table 3) . Ranking was determined on the basis of the overall degree of resistance (MICs) for all drugs tested using established breakpoints: amikacin >8.0 µg/ml, ciprofloxacin >4.0 µg/ml, gatifloxacin >4.0 vg/ml, rifampin >8.0 µg/ml, and streptomycin >8.0 µg/ml. 36 Strains Ben-B and Kay were resistant to amikacin, ciprofloxacin, gatifloxacin, rifampin, and streptomycin. Strain Ben-A (ATCC strain 43544) and strain Linda showed similar MICs and were resistant to ciprofloxacin, gatifloxacin, rifampin, and streptomycin. Interestingly, the ATCC type strain (25291) 
DISCUSSION
The cultivation and growth of MAP continues to be a challenge, despite a relatively intense study. Unlike most other mycobacterial species, MAP does not produce detectable levels of mycobactin J, an important growth-requiring siderophore. The initial requirement for mycobactin J by MAP reportedly diminishes with repeated subculture in vitro. This was initially postulated to be potentially due to mycobactin J carryover from primary media. [37] [38] [39] [40] The MAP strains evaluated in this study demonstrated varying degrees of dependence on mycobactin J in a consistently reproducible manner. This suggests that inherent strain differences exist for mycobactin J dependence for growth rather than mycobactin J carryover from media during transfer. Early work by Matthews et al. 41 previously demonstrated varying degrees of mycobactin J dependence among strains of M. avium subsp. avium and MAP. However, despite improved growth by all strains in liquid media containing an adequate concentration of mycobactin J, growth rate variation between strains remained significant. These growth rate differences could represent genetic strain variation, the variable expression of an alternative iron-acquisition system, such as exochelins 38 or potentially the requirement for another undescribed growth factor of MAP. Accumulating data suggests additional nutritional requirements may be required for recovery and optimum growth of MAP. 42 Cultivation of MAP has been suggested to be both host-specific and localespecific. 42 Whittington et al., 42 in evaluating primary culture media for the recovery of MAP from sheep, demonstrated that the reliable primary recovery of MAP required both mycobactin J and egg yolk supplementation of BACTEC 12B radiometric broth medium or Middlebrook 7H10 agar. These studies point out the variability of growth requirements among strains of MAP and the need for development of a media that will reproducibly grow all strains.
To date, few reports adequately describe the growth rate, antibiotic susceptibility, and colonial morphology of MAP. 27 However, previous investigators have demonstrated three primary morphologies for the closely related M. avium subsp. avium. They are smooth opaque, smooth transparent, and rough. 34 Smooth variants have a dome-shaped appearance, whereas rough variants are characterized by flat, transparent colonies with irregular edges. M. avium subsp. avium undergoes a reversible, phenotypic switch between the smooth and transparent morphologies. Transparent variants predominate in fresh clinical isolates, whereas opaque variants appear with repeated passage in vitro. 34 Conversion to the rough phenotype is irreversible and involves a chromosomal deletion. 34 This change has been observed in M. avium subsp. avium following passage of the isolate through animals 43 in which these variants grew at a faster rate in vivo and were more virulent resulting in 60% to 70% mortality versus 10% for their smooth counterparts. The authors claimed that these rough variants apparently had altered cell-wall components and permeability characteristics because they failed to reduce alamar blue or neutral red.
In the present study, only two morphologies, rough and smooth opaque, were observed for the MAP strains evaluated. No smooth transparent variants were observed. This may be due to the fact that these strains had been maintained for several generations in vitro, which would favor conversion to the opaque phenotype. Rough variants would presumably remain the same since the change is irreversible. In the United States, the generally accepted method for susceptibility testing of M. avium subsp. avium is a radiometric broth macrodilution method (BACTEC), which is regarded to be more reliable and rapid than an agar-based method. 31, 44, 45 A controversial aspect of this method involves careful preparation of the inoculum. 46, 47 An optimal inoculum size for broth macrodilution is 10 4 to 10 5 CFU/ml. 47 Additional difficulties in susceptibility testing of M. avium subsp. avium strains include variations in growth rate associated with particular colony morphologies. Although such reports are rare, Heifets et al. 36 observed that some rough opaque strains of M. avium subsp. avium exhibit slower growth than other colony types and initiated the use of "seed vials" to standardize inoculum sizes. The MAP strains evaluated in this study exhibited reproducible differences in growth rates relative to each other, which were independent of mycobactin J concentration. These differences did not segregate with any particular colony morphology. Susceptibility testing of these strains in the BACTEC system required careful adjustment of inoculum size for individual strains, which compensated for differences in growth rates. Thus, despite fairly good correlation in MICs between the BACTEC radiometric and agar proportionality assays observed in this study, the BACTEC macrobroth method had drawbacks in our hands in testing different strains of MAP.
The majority of these problems were related to significant strain variation in growth rate, which confounded appropriate inoculum standardization. This resulted in frequently repeating susceptibility tests to meet established guidelines for this method. 36 Additionally, two of the seven strains evaluated in this study demonstrated negligible or erratic growth in the BACTEC system, despite the inclusion of mycobactin J, resulting in an inability to determine in vitro susceptibility using this method. In our hands, agar proportion was a viable alternative for determination of antibiotic susceptibility with poorly growing strains. On the basis of our difficulties, we would recommend the standard agar proportionality method for antibiotic susceptibility testing of MAP.
The in vitro activity of the antibiotics evaluated in this study correlate in large part with results reported by other investigators for MAP. 36, 48 In vivo and in vitro intrinsic resistance has been reported in M. avium subsp. avium and MAP isolates to isoniazid and ethambutol, antibiotics active against most strains of M. tuberculosis and M. bovis. In this study, all strains tested were resistant to isoniazid (MIC >0.4 µg/ml) and ethambutol (MIC >8.0 µg/ml) (data not shown). Among the compounds tested, clarithromycin, streptomycin, amikacin, and DSA demonstrated the most consistent in vitro activity. The combination of clarithromycin and amikacin, in addition to rifabutin and ethambutol are currently used for the treatment of human infections by the M. avium complex. The in vitro activity of clarithromycin and amikacin against MAP has been demonstrated previously in broth-based systems 49 and a luciferase-based assay. 26 Recently, Rastogi et al. 48 have compared the related ketolides, telithromycin and HMR 3004, to clarithromycin against a variety of mycobacteria, including MAP, and found clarithromycin to be superior in an in vitro radiometric broth assay. The novel compound DSA demonstrated consistent activity against all strains tested and was more active than the closely related n-octanesulfonylacetamide. 50 Our study illustrates the significant strain variability in MAP. This variability is reflected in growth rate, nutritional requirements, colonial morphology, and staining characteristics, as well as within strain changes during subculture in vitro. Similarly, the susceptibility methods and results obtained in this study point out the need for a uniform, standardized susceptibility test method for MAP. An acceptable method will require the development of a nutritionally adequate media, which will support the timely growth of all strains of MAP. In the absence of a standardized susceptibility method, the ability to reproducibly evaluate the utility of new antibiotics in vitro is tenuous and makes in vitro-in vivo correlations improbable.
